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Introduction
Many pathogenic bacteria produce proteins termed pore-forming toxins (PFTs) that either kill target cells or affect target cell function [1] [2] [3] . A common feature of all PFTs is their ability to assemble from a soluble, monomeric state into oligomeric, annular membrane complexes. PFTs can be divided into two main classes: a-PFTs and b-PFTs, depending on the type of regular secondary structure elements (a-helix of b-sheet, respectively) with which they span the target membrane [1, 4] . Several excellent reviews have recently appeared on the structure and assembly mechanism of PFTs [1, [4] [5] [6] [7] . There are three welldescribed types of a-PFTs: the bacterial toxins of the ClyA [8] and colicin [9] families, and actinoporins from sea anemones [10] . This manuscript focuses on the recent progress in understanding the assembly dynamics of cytolysin A from Escherichia coli, the prototype and best characterized member of the ClyA family of a-PFTs [1, 5, 8] .
Cytolysin A (ClyA, also termed HlyE) occurs in numerous pathogenic and non-pathogenic E. coli (including E. coli K12) strains, as well as in strains of Salmonella enterica [11] . ClyA from E. coli is a soluble, monomeric 302-residue protein (33.6 kDa) [12] that is strongly downregulated in vivo [13] . Overproduction of ClyA in E. coli leads to accumulation of ClyA in the periplasmic space [14] and release to the extracellular medium of intact ClyA pore complexes embedded in outer membrane vesicles (OMVs) [15] . Both the mechanism of ClyA release to the medium in OMVs and the transport of ClyA to the periplasm are poorly understood. ClyA transport to the periplasm remains particularly enigmatic, as ClyA lacks a bacterial signal sequence [12] [13] [14] [15] .
In contrast with this limited knowledge about ClyA secretion and in vivo assembly in OMVs, ClyA is one of the very few PFTs for which high-resolution structural information is available on both the soluble monomer [16] and the annular pore complex [17] . The ClyA monomer consists of two domains: a tail domain composed of a bundle of five a-helices, and a head domain with a small b-hairpin (b-tongue) flanked by two short a-helices ( figure 1a ). An important prerequisite for solving the structure of the ClyA pore complex proved to be the ability of the ClyA monomer to assemble spontaneously into intact pore complexes upon addition of the detergent n-dodecylmaltoside (DDM) [18] . Initial electron microscopy data indicated that the annular ClyA pore complex consists of 13 protomers [18] , but crystallization of the pore complex from DDM solutions yielded a homododecamer [17] . The stoichiometry of the complex may indeed not be exactly defined and could depend on detergent or membrane composition, but it appears that the dodecamer is the predominant form of the complex. The X-ray structure of the dodecameric pore complex (403 kDa) (figure 1b) revealed a hollow cylinder with a height of 130 Å , an outer diameter of 105 Å and a narrowest inner-pore diameter of 35 Å . The inner surface of the pore has a high excess of negative charges, consistent with cation selectivity [19] . The largest part of the pore is located at the extracellular side of the membrane, and only a minor part forms the transmembrane region (figure 1b). Comparison of the structures of the soluble ClyA monomer and the protomer in the pore complex (figure 1a) disclosed one of the largest conformational changes observed in a protein so far, in which 55% of the residues change their position (including a repositioning of the N-terminus by more than 140 Å ) and 16% of the residues adopt a different secondary structure in the protomer (figure 1a). The main structural rearrangements occur in the ClyA head domain with the b-tongue, which inserts into the transmembrane region and adopts a-helical structure in the protomer, and the N-terminal a-helix, which swings upward, spans the transmembrane region and forms the iris-like arrangement that defines the constriction of the pore complex in its membrane-spanning region (figure 1b) [17] . The interface between the protomers in the pore complex comprises an area of 2400 Å 2 , and is mainly hydrophilic and stabilized by a network of 25 inter-molecular hydrogen bonds and 13 inter-molecular salt bridges. In addition, the pore structure showed that soluble ClyA monomers would not be able to form this interface, which agrees with the finding that protomer formation precedes pore complex assembly (see below). The structural differences between the monomer and protomer also suggested a plausible mechanism for the transition from the monomer to the protomer, assuming that the hydrophobic b-tongue inserts first into the membrane, followed by the upward movement of the N-terminal helix [17] . In the following paragraph, we will discuss the experimental evidence for a direct pathway from the monomer to the protomer, which proceeds with a half-life of about 40 s after addition of detergent to the monomer.
The molecular mechanism of cytolysin A assembly
The in vitro assembly mechanism of ClyA pore complexes from soluble ClyA monomers was first studied by initiating pore complex assembly by mixing the soluble monomer at concentrations of 1-10 mM with the detergent DDM and monitoring the reaction via the change in the far-UV circular dichroism (CD) signal [17] . The assembly reaction is characterized by a rapid loss of the negative, a-helical CD signal, followed by the slow recovery of the a-helical signal on the time scale of several minutes to a final value that is more negative than that of the monomer, consistent with the higher a-helix content of the complex compared with the monomer. When pore complex assembly was followed in parallel via the increase in light scattering, the reaction proceeded with the same kinetics as the second, slow phase recorded with far-UV CD. The CD and light-scattering kinetics proved to be independent of the initial ClyA monomer concentration in the range of 1-10 mM, indicating that the rate-limiting step of pore assembly is unimolecular in this concentration range, and that the assembly of protomers to pore complexes is spectroscopically silent in far-UV CD measurements. The data suggested a model of pore assembly in which assembly-competent protomers assemble rapidly to pore complexes, and that the formation of assembly-competent protomers is the rate-limiting step of pore complex formation.
In addition, the results demonstrated that a kinetic intermediate with a lower a-helix content than that of the monomer and protomer is populated during protomer formation. However, the ensemble CD measurements did not allow conclusions on the maximum population of the intermediate and its nature, i.e. whether it is on-or off-pathway. In addition, they did not provide information on the kinetic mechanism of protomer assembly, as pore assembly only became rate-limiting at ClyA concentrations below the CD detection limit. These open questions were addressed by single-molecule Förster resonance energy transfer (FRET) experiments combined with rapid, microfluidic mixing techniques, two-focus fluorescence correlation spectroscopy, stopped-flow CD kinetics and rapid photo -cross-linking experiments [20] . For this purpose, ClyA was site-specifically labelled at residues 56 and 252 with a fluorescence donor and acceptor pair. This pair of residues was chosen because their C b -C b distance is 11 Å shorter in the protomer compared with the monomer, and because both residues do not interfere with pore complex assembly (figure 2). Single-molecule FRET experiments were then performed under two different sets of conditions: first, the unimolecular reaction from the monomer to the assembly-competent protomer was studied at very low ClyA concentrations (about 100 pM) that guaranteed that protomer assembly did not take place. In the second set of experiments, protomer oligomerization and formation of pore complexes was studied at ClyA concentrations above 5 nM over a wide range of concentrations (5 nM-5 mM). For this purpose, FRET donor/acceptor-labelled ClyA was mixed with a high excess of unlabelled wild-type ClyA, so that ClyA oligomers and pore complexes only contained a single copy of donor/acceptor -labelled ClyA. The complete assembly mechanism could then be clarified based on the fact that the ClyA monomer (M), the monomeric, kinetic intermediate (I), the protomer (P) and the protomer in the context of oligomers or pores (P n ) showed distinct and characteristic FRET efficiencies that allowed the quantitative, time-resolved analysis of their population during protomer formation or pore assembly [20] .
The single-molecule FRET kinetics of DDM-induced protomer formation at low ClyA concentrations confirmed rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160211 the existence of a kinetic intermediate. Global fitting of the time-dependent change in the populations of M, I and P revealed that the intermediate is off-pathway (scheme 1). Its maximal population of approximately 80% is reached 20 s after addition of DDM. The results showed that there is indeed a direct reaction from M to P that proceeds with an apparent half-life of about 40 s [20] , as proposed in the structural comparison of M and P [17] . In addition, the deduced microscopic rate constants of the I $ M $ P equilibrium (scheme 1) show that I transiently accumulates during protomer formation because M reacts about 18 times faster to I than to P. The direct pathway from M to P has a half-life of 40 s. The formation of I, however, retards the overall formation of P, which proceeds with a half-life of about 300 s. Notably, in the presence of DDM, M, I and P do not differ strongly in their thermodynamic stability: P is only 8.9 kJ mol 21 more stable than M, and only 4.5 kJ mol 21 more stable than I, so that about 14% of the molecules remain in I after attainment of the I $ M $ P equilibrium (see also scheme 3). At higher ClyA concentrations, however, protomer oligomerization and pore formation pull P from the equilibrium, so that eventually all molecules can react to pores. The characterization of I with single-molecule FRET revealed a very low FRET efficiency similar to that of unfolded ClyA in the presence of guanidinium chloride, essentially indicating loss of a defined tertiary structure in I. Reconstruction of the far-UV CD spectrum of I with multi-wavelength stopped-flow CD kinetics demonstrated that I has less a-helical secondary structure than M. In addition, I shows specific binding to the fluorescent dye 8-anilino-1-naphthalenesulfonic acid (ANS) that interacts with exposed hydrophobic side chains in protein-folding intermediates [21] . Together, the results show that the offpathway intermediate I is a molten globule-like state lacking tertiary structure but still possessing a-helical secondary structure elements [20] . The reasons underlying the existence of the off-pathway intermediate remain unknown. Maybe the off-pathway intermediate, which only slows protomer formation but does not prevent the quantitative reaction of monomers to pore complexes, originated as a concession to the fascinating and highly demanding molecular evolution of the ClyA primary structure, which not only needed to be compatible with the strongly diverse tertiary structures of the monomer and the protomer, but also with the assembly competence of the protomers and their ability to form annular complexes with defined stoichiometry.
The kinetic mechanism of pore complex assembly from protomers was analysed at ClyA concentrations above 5 nM where pore complex formation became detectable. Using single-molecule FRET experiments that detected the time course of the fractions of M, I, P and P n (linear oligomers and pore complexes), two-focus fluorescence correlation spectroscopy monitoring the increase in the average Stokes radii of assembling ClyA oligomers, and photo-cross-linking that allowed the quantification of dodecameric pore complexes after different assembly times with SDS-PAGE analysis, a comprehensive model of pore assembly could be established that proved to be robust over the entire concentration range of 100 pM to 5 mM [20] . The individual steps of the oligomerization of assembly-competent protomers to intact pores are the following (scheme 2).
First, formation of homodimers (P 2 ), their elongation to larger, linear oligomers by protomer addition, and the association of pairs of small oligomers to larger oligomers shorter than dodecamers occurs fast and can be approximated with a single, uniform rate constant (k elong. ) of 1.0 Â 10 5 M 21 s 21 (scheme 2 and figure 3a) . Second, a model of chain elongation by sequential monomer addition to linear dodecamers, followed by ring closure, could be excluded because dodecameric pore complexes formed much faster than predicted from this mechanism [20] . Instead, the assembly kinetics were consistent with a reaction scheme in which any pair of linear oligomers that can directly associate with an annular dodecamer (e.g. P 3 and P 9 , P 4 and P 8 , P 5 and P 7 , or P 6 and P 6, etc.) forms pore complexes (P 12 ) in a very rapid reaction that is more than two orders of magnitude faster than elongation of linear oligomers. In addition, all of the assembly reactions yielding annular P 12 dodecamers from any pair of stoichiometrically compatible oligomers could also be approximated with a single rate constant (k pore ) of 3.0 Â 10 7 M 21 s 21 (scheme 2 and figure 3b).
The above mechanism, established for detergent-induced assembly of ClyA pores from soluble monomers in vitro, raises the question of whether the same mechanism is still valid for pore formation in biological membranes. There is indeed good evidence that the I $ M $ P mechanism is
Scheme 1. DDM-induced protomer formation from ClyA monomers is slowed by formation of the off-pathway intermediate I.
P n + P m P n+m P n + P 12-n P 12 (n + m < 12) k elong. = 1.0 × 10 5 M -1 s -1 k pore = 3.0 × 10 7 M -1 s -1 (n = 1, 2, ..., 11)
Scheme 2. Only two rate constants are required to describe the kinetics of pore (P 12 ) assembly from protomers in the concentration range of 5 nM -5 mM. Scheme 3. Kinetic mechanism of DDM-induced protomer formation in ClyA ox with a disulfide bond between the natural cysteine pair Cys87/Cys285 (top), and free energy differences (in kJ mol 21 ) between the monomer, intermediate and protomer for both ClyA redox states.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160211 preserved when ClyA monomers interact with erythrocyte membranes because the same structural rearrangements in ClyA were observed with far-UV CD as those in DDM, i.e. an initial loss of helical secondary structure, followed by slow formation of the protomer-specific CD signal with increased helicity [18] . In addition, the protomer-specific CD signal was formed about 10 times faster in erythrocyte membranes compared with DDM [18] . Whether the mechanism of pore formation from assembly-competent protomers in membranes is indeed the same as that in the presence of DDM remains to be established, in particular because lipid composition plays a critical role for assembly of many PFTs [4, 6, 22] . It is conceivable that not only the protomers, but also pore complexes are formed faster in membranes than in DDM due to the two-dimensional diffusion of protomers in membranes and a pre-orientation of membrane-embedded protomers favouring protomer oligomerization and ring closure. Recently, two kinetic models for ClyA assembly in erythrocyte membranes were tested by analysing the kinetics of haemoglobin release from erythrocytes lysed by ClyA pores, a linear protomer addition model and a non-sequential addition model [23] . The data fitted better to the linear protomer addition model, but a rate-limiting reaction to assembly-competent protomers after ClyA binding to the membranes was not considered. Importantly, however, it was shown that binding of ClyA to erythrocytes is a very rapid reaction and completed within 10 s after mixing of ClyA with erythrocytes under typical haemolysis assay conditions [23] . The combination of haemoglobin release kinetics and single-molecule FRET experiments in the presence of erythrocyte membranes analogous to those performed in detergent appears to be a promising strategy to clarify the assembly mechanism in cell membranes. Another remaining challenge is the analysis of the dependence of ClyA assembly on the lipid composition of the target membrane. This concerns both ClyA pore assembly in different mammalian target cells and pore assembly in the outer bacterial membrane from which membrane vesicles with intact pore complexes are released into the growth medium [15] .
An alternative way to study ClyA pore formation in erythrocyte membranes in a quantitative manner is the recording of the decrease in intact erythrocytes as a function of ClyA concentration via the decrease in the optical density of erythrocyte suspensions [21, 24] . Typical lysis curves show a pronounced lag phase that is followed by a rapid decrease in optical density to zero density. Empirically, a linear dependence of maximum lysis velocity (maximum slope of the haemolysis curve at 50% cell lysis) and the inverse lag time of lysis on ClyA concentration in the range of 1 -100 nM ClyA was found that allows the determination of the specific lysis activity of ClyA, which is defined as the decrease in erythrocyte density per second and ClyA concentration (DOD s 21 nM
21
). The results also showed that an about 10 6 -fold excess of ClyA monomers over erythroyctes is required to achieve complete lysis within 100 s at 378C [21, 24] . Although the mechanism underlying the linear dependence of lysis velocity of ClyA concentration is not yet understood, the parameter 'specific lysis activity' allows Recently, a detailed study on the dependence of the velocity and lag phase of erythrocyte lysis on the concentration of the cholesterol-dependent PFT pneumolysin from Streptococcus pneumoniae was reported [25] . Pneumolysin, in contrast with ClyA, forms membrane-associated prepore complexes prior to pores and also shows pore activity of incomplete rings (arcs). The results indicated that the lag depends on oligomerization of pneumolysin, and that the prepore-to-pore transition of arcs and the amount of pneumolysin bound to the membrane determine lysis velocity [25] . In the case of ClyA, the determinants of haemolysis lag and velocity as a function of ClyA concentration still need to be determined, which could be the rates of membrane binding, protomer formation and pore assembly in the membrane and the minimum number of ClyA pores required for lysis.
Engineered redox switches in cytolysin A
The finding that formation of assembly-competent protomers from soluble monomers is a prerequisite of ClyA pore complex assembly [17, 18, 20] opened the possibility to generate redox-controlled, disulfide-trapped ClyA variants that can be activated by reducing agents such as dithiothreitol (DTT).
Two variants of soluble ClyA were designed (ClyA CC50/ 190 and ClyA CC6/264) based on the structures of the ClyA monomer [16] and protomer [17] , which lack the natural Cys87/Cys285 pair (see below), but bear an artificial disulfide bond between residues that are in close proximity in the monomer and distant in the protomer (disulfide bond between residues 50 and 190 or residues 6 and 264, respectively; figure 4a,b) [21] . As predicted from the structure of the ClyA monomer, both engineered disulfides indeed prevented protomer formation and trapped ClyA in an assemblyincompetent state. Although both disulfide-trapped variants were unable to form protomers, they still formed a molten globule-like state in the presence of DDM that was very similar to the off-pathway intermediate detected during DDMinduced protomer formation of wild-type ClyA [21] . A reduction in the engineered disulfide bonds in ClyA CC50/190 and ClyA CC6/264 by DTT recovered both pore complex formation in DDM and haemolytic activity. Further analysis showed that the assembly mechanism of both reduced variants was the same as that of wild-type ClyA, and that ClyA CC50/190 and ClyA CC6/264 retained 73 and 17% of the specific haemolytic activity of the wild-type, respectively [21] . ClyA variants with a redox switch offer several interesting applications, such as the control of the kinetics of target cell lysis at constant ClyA concentration by varying the concentration or type of reductant. 4. The role of the conserved Cys87/Cys285 cysteine pair in cytolysin A assembly Assembled ClyA pore complexes are released to the extracellular space by E. coli in OMVs that contain lipids from the outer bacterial membrane. Therefore, it is likely that ClyA pores in OMVs assemble from ClyA monomers secreted to the oxidizing environment of the bacterial periplasm [15] . It is, however, still unknown how ClyA monomers reach the periplasm, as ClyA lacks a bacterial signal sequence and its export to the periplasm does not require cytolytic activity. ClyA contains a conserved pair of cysteines (Cys87 and Cys285) that are in close vicinity in the three-dimensional structure of both the ClyA monomer and the ClyA protomer in the assembled pore complex [13, 15, 26] . While the Cys87/Cys285 pair is reduced in ClyA pores isolated from OMVs [15] , the Cys87-Cys285 disulfide is formed in soluble ClyA isolated from the periplasm [16, 17] . In addition, E. coli strains deficient in disulfide bond formation and lacking either the periplasmic dithiol oxidase DsbA show a ClyA-dependent haemolytic phenotype in contrast with the corresponding wild-type strain [15] . These results, together with reports on the loss of haemolytic activity upon formation of the Cys87-Cys285 disulfide [14] [15] [16] 27] , suggested that disulfide bond formation inactivates ClyA and prevents its assembly into active pore complexes. This hypothesis was disproved in a recent study in which the DDM-induced assembly of the disulfide-bonded form of ClyA (ClyA ox ) was compared with that of the reduced form (ClyA red ) under identical experimental conditions [24] . The results showed that ClyA ox essentially follows the same assembly mechanism as ClyA red , with protomer formation from monomers as the rate-limiting step prior to fast protomer assembly. ClyA ox , however, shows specific features that distinguish it from ClyA red .
Single-molecule FRET experiments at picomolar ClyA concentrations demonstrated that the oxidized protomer (P ox ) is even formed about 10 times faster than the reduced protomer in DDM, with a half-life of about 30 s compared with about 300 s, respectively [20, 24] . Similar to ClyA red , a molten globule-like off-pathway intermediate (I ox ) is populated during formation of (P ox ). In contrast with ClyA red , however, where I red accumulates to 80% after 20 s and is 4.4 kJ mol 21 more stable than the reduced monomer (see above), I ox is even 0.5 kJ mol 21 less stable than the oxidized monomer (M ox ) (scheme 3) and does not accumulate to more than 30% in DDM. This, together with a threefold faster, direct pathway (k MP ) from the monomer to the protomer (schemes 1 and 3), is the reason why ClyA ox forms the protomer faster than ClyA red . Scheme 3 summarizes the stabilities of the intermediate and protomer relative to the monomer for ClyA red and ClyA ox . Although the protomer is the most stable conformer in the presence of DDM for both ClyA redox forms, the protomer is not populated to 100% at picomolar ClyA concentrations where oligomerization of protomers is suppressed, as the P red is only 4.5 kJ mol 21 more stable than I red , and P ox is only 4.3 kJ mol 21 more stable than M ox . Assembly of pore complexes at higher concentrations, however, pulls the protomers from the I $ M $ P equilibrium, so that pore assembly can proceed to completion for both ClyA red and ClyA ox . Oxidized and reduced ClyA pores in DDM proved to be indistinguishable in negative-stain electron micrographs [24] .
Both redox forms also showed very similar specific activities in lysing horse erythrocytes, with ClyA ox exhibiting a 1.2-fold higher specific activity compared with ClyA red . Together, the results show that disulfide bond formation between the natural cysteine pair Cys87/Cys285 in ClyA neither prevents pore assembly in vitro nor decreases the specific haemolytic activity of ClyA [24] .
But why was disulfide bond formation in ClyA reported to diminish or abolish the haemolytic activity of ClyA [14 -16,27] ? An important clue came from the recent observation that ClyA can also form soluble oligomers with defined association states in the absence of detergent [27] . Analytical gel filtration experiments revealed that preparations of soluble ClyA slowly aggregate to two distinct oligomeric species with apparent molecular masses of 1180 and 580 kDa when incubated for several hours at elevated temperatures (378C). These oligomers were first proposed to be prepore complexes that form active pores after insertion into target membranes in an alternative ClyA assembly mechanism [27] . Further analysis, however, showed that these soluble oligomers are irreversible off-pathway products of pore complex assembly, as they show only about 1% haemolytic activity compared with identical mass concentrations of freshly prepared ClyA monomers [24] . Notably, both reduced and oxidized ClyA monomers can assemble into these oligomeric species during prolonged incubation at 378C. The kinetics of oligomer formation then demonstrated that ClyA ox possesses a much higher tendency of spontaneous inactivation by oligomer formation in the absence of detergent or target membranes: oligomerization of M ox , initiated at monomer concentrations of 5 mM by a temperature shift from 4 to 378C, proceeded 14 times faster compared with M red , with half-lives of monomer depletion of 1.7 and 23.5 h for M ox and M red , respectively. In addition, monomer depletion coincided with loss of haemolytic activity for both ClyA redox forms [15] . Therefore, a plausible explanation for the previously reported loss of haemolytic activity of ClyA ox in vitro and in vivo is its spontaneous reaction to inactive oligomers that can no longer be recovered for pore formation.
What is, then, the role disulfide bond formation between the natural Cys87/Cys285 pair in ClyA? The observation that ClyA pore complexes secreted by E. coli in OMVs are reduced [15] , together with the rapid inactivation of oxidized ClyA at the optimum E. coli growth temperature, suggests that the reduced form of ClyA is the physiologically active redox form. As reduced ClyA is likely to be recruited from the periplasm for pore complex assembly in OMVs, both ClyA redox forms probably occur in the periplasm. The Cys87/285 thiol pair in the folded, reduced ClyA monomer was shown to be resistant against oxidation by the dithiol oxidase DsbA [24] , the only known periplasmic enzyme that can introduce disulfide bonds into periplasmic proteins [28] . Thus, there is possibly a competition between folding of reduced ClyA to the DsbA-resistant monomer and oxidation of unfolded ClyA by DsbA prior to ClyA folding in the periplasm. It also remains to be established whether inactive oligomers of oxidized ClyA cause the loss of a haemolytic phenotype of E. coli strains with active DsbA. At any rate, the mechanism of translocation of ClyA to the periplasm remains one of the most important open questions in the elucidation of the biogenesis of ClyA pore complexes.
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Outlook: engineering of cytolysin A pores
The efficient, spontaneous assembly of ClyA monomers to pore complexes in the presence of detergent and membranes, together with the solved structures of the monomer and the pore complex, opens the possibility to engineer ClyA pores with novel properties by rational means. N-and C-terminal fusions to ClyA that do not compromise pore assembly have already been applied to generate ClyA pore complexes with novel functions [29, 30] and could be used in the future to create membrane-or cargo-specific pores. In addition, ClyA proved to be robust against multiple amino acid replacements in the engineering of novel pore variants. Successful examples include the directed evolution of ClyA towards larger pore sizes (up to 14 protomers) [31] and the encapsulation of folded proteins by engineered ClyA variants [32] , demonstrating the enormous potential of ClyA for designing pores and molecular cages with novel characteristics.
